ABSTRACT: Four bacteria with degrading activity against the cell walls of Pythium porphyrae were successfully isolated from Porphyra-culturing environments. The crude enzymes from these bacterial isolates, Bacillus sp. BE1, Bacillus sp. FE1, Pseudomonas sp. PE1, and Pseudomonas sp. PE2, degraded the mycelial cell walls of Pythium sp. N-Acetylglucosamine and glucose were detected in the supernatants of Pythium cell walls treated with the enzymes from Bacillus sp. BE1, Bacillus sp. FE1, and Pseudomonas sp. PE2 as the final degrading products by high-performance liquid chromatography, whereas only glucose was detected in the supernatant of the cell walls treated with the enzyme from Pseudomonas sp. PE1. Moreover, the activities of b-1,3-glucanase, b-1,3-1,4-glucanase, and chitinase were observed by polysaccharolytic analysis using the enzymes from Bacillus sp. BE1, Bacillus sp. FE1, and Pseudomonas sp. PE2, whereas only the activities of b-1,3-glucanase and b-1,3-1,4-glucanase were found during analysis using Pseudomonas sp. PE1. b-1,4-Glucanase, b-1,6-glucanase, and mannanase activities were not detected in any of the crude enzymes obtained from these isolates. From the four isolates, the molecular weights (MW) of b-1,3-glucanase and chitinase were estimated to be approximately 50 000-100 000 by the ultrafiltration method. Two Pseudomonas spp. were also suggested to have b-1,3-1,4-glucanases with MW of 50 000-100 000. However, the MW of b-1,3-1,4-glucanases from the two Bacillus spp. might be close to 50 000 or they produce at least two b-1,3-1,4-glucanases with MW of 30 000-50 000 and 50 000-100 000, respectively.
INTRODUCTION
The marine red alga Porphyra yezoensis ('Nori' in Japanese), is extensively cultured in Japan and other Asian countries as one of the most popular edible seaweeds. The retail value of 'Nori' produced in Japan is approximately ¥100 billion per annum. However, 'Nori' farming has frequently suffered from great damage due to diseases, such as red rot disease, 1 chytrid disease, 2 and green spot disease, 3 which are caused by pathogenic microorganisms or unusual weather. Among them, red rot disease is known as the biggest threat to 'Nori' farming, causing an approximate loss of ¥5-7 billion per annum in Japan.
The causative agent of red rot disease belongs to the fungal genus Pythium in oomycetes. 4, 5 This disease spreads by biflagellate zoospores that are released into seawater. Therefore, once the outbreak occurs, the damage to 'Nori' spreads widely all over the culturing area and becomes a very serious situation because 'Nori' farming forms a simple community comprising a single species.
To date, Porphyra thalli have been treated with citric or phosphoric acid as a means of countermeasure against this disease. However, there may be the issue of environmental pollution with this chemical treatment. By using selective breeding methods, farmers have made a constant effort to obtain those Porphyra seedlings with beneficial characteristics; however, it is difficult and takes a long time to establish a new breed using traditional methods. Thus, a biotechnological approach is necessary for effective breeding.
By using a biotechnological approach to breed Porphyra, Porphyra protoplasts have been selectively prepared to produce new seedlings with beneficial characteristics, such as enlarged thalli, and stress resistance to higher temperatures or lower salinity. [6] [7] [8] [9] [10] Cell fusion techniques are also used to improve the properties of seedlings, resulting in higher growth rates, and increased diseasetolerance and resistance. [11] [12] [13] [14] [15] [16] Moreover, there have been few reports on the transient expression of the reporter gene in the red alga Porphyra miniata. 17 However, transgenic techniques for stable gene expression have not yet been established in seaweeds.
In higher terrestrial plants, disease-tolerant crops against fungal pathogens have been reported after using the transgenic technique with geneencoding enzymes such as chitinase, b-1,3-glucanase, and lysozyme. [18] [19] [20] These reports suggest that some of the genes that encode polysaccharolytic enzymes, which degrade the fungal cell walls, might be very useful to establishing diseasetolerant crops by transgenic techniques.
It has been reported that the hyphal cell walls of oomycetes involving the genus Pythium consist of b-1,3-, b-1,4-and b-1,6-linked glucans as skeletal structures and a crystalline state of cellulose, with most of the remainder consisting of protein and lipid. 21, 22 Small amounts of mannan and chitin are also present in oomycete cell walls. 23 As the major components of fungal cell walls are polysaccharides, the degrading enzymes against these fungal polysaccharides might contribute to establishing a Porphyra seedling tolerant to Pythium sp.
In the present study, bacteria were enriched in the culture medium supplemented with the cell walls of P. porphyrae and screened for degrading activity against the fungal cell walls. Then, from these positive bacteria, we attempted to identify the glycosyl hydrolases that were associated with the Pythium-degrading activities. Also, the molecular weight of each glycosyl hydrolase was estimated as such information would be of use for gene cloning, which would be the first biotechnological step to establishing a new Porphyra seedling that was resistant to Pythium sp.
MATERIALS AND METHODS

Microorganisms
Pythium porphyrae (strain IFO 30347) was kindly supplied by the Institute for Fermentation, Osaka (IFO), Japan. This fungal strain was incubated at 25∞C for three days with continuous agitation at 230 r.p.m. in corn steep liquor broth medium containing 0.2% corn steep liquor (Wako Pure Chemicals, Osaka, Japan), 0.1% yeast extract (Nihon Seiyaku, Tokyo, Japan) and 75% artificial seawater (ASW; Jamarin Laboratory, Osaka, Japan); pH 7.5. Then, the fungal mycelia were suspended in fresh CSL broth with 10% dimethyl sulfoxide (DMSO) and stored at -80∞C until required for use.
Bacillus sp. BE1, Bacillus sp. FE1, Pseudomonas sp. PE1, and Pseudomonas sp. PE2 were used as the degrading bacterial isolates against Pythium cell walls. These bacteria were cultured in ZoBell 2216E broth 24 at 25∞C for two days with continuous agitation at 160 r.p.m. Then, the bacterial cells were suspended in ZoBell 2216E broth with 20% glycerol and stored at -80∞C until required for use.
Polysaccharides
The b-1,3-glucan from Alcaligenes faecalis (Wako Pure Chemicals), the b-1,3-1,4-glucan from barley (ratio of b-1,3-glucan to b-1,4-glucan, 3 : 7; Wako Pure Chemicals), the b-1,4-glucan (cellulose; Merck, Darmstadt, Germany), and the b-1,6-glucan from Leuconostoc mesenteroides (dextran; Sigma-Aldorich Chemical Co., St Louis, MO, USA) were used for polysaccharolytic analysis using the bacterial crude enzymes prepared previously. Mannan was prepared from the thalli of P. yezoensis using Love and Percival's method, 25 and colloidal chitin was prepared by Yamada and Imoto's method 26 using powdered chitin from shrimp shells (Katayama Chemicals, Osaka, Japan) as the starting material.
Preparation of cell wall powder from Pythium porphyrae (Pythium powder)
Pythium porphyrae was cultured at 25∞C for three days using CSL broth as the seed culture. An aliquot of 5 mL of this culture was then inoculated into 10 L of CSL broth in a 15 L jar fermentor (TS-AL15L; Takasugiseisakusho Co., Tokyo, Japan) and cultured at 25∞C for five days with aeration at 1 L/min and agitation at 160 r.p.m.
The cell wall powder from P. porphyrae was prepared according to the method of Chet et al., 27 but with some modifications. The culture medium of P. porphyrae was centrifuged at 13 200 ¥g for 15 min, and the precipitated mycelia were then washed with 100 mL of sterilized distilled water. The mycelia were homogenized with a blender at 10 000 r.p.m. for 5 min and sonicated at 30 W for 10 min (250/450 SONIFIER; Branson Co., Danbury, CT, USA). The sonicated sample was centrifuged at 8000 ¥g for 10 min to separate the coarse particles, and the supernatant with the fine particles was further centrifuged at 13 200 ¥g for 15 min. The precipitate containing the fine particles was then washed with 100 mL of methanol and distilled water. The washing steps with methanol and water were repeated until no proteins were detected in the waste solution by protein assay (BCA Protein Assay Kit; Pierce, Rockford, IL, USA). Finally, the freeze-dried cell walls were used as Pythium powder.
Isolation of the Pythium cell wall-degrading bacteria
Water samples were collected in November 1999 from the three sites near the area that farmed P. yezoensis; that is, the Ariake Sea, the Chikugo River, and its estuary, Saga Prefecture, Japan. At the time and sampling points, the water temperature, specific gravity, and dissolved inorganic nitrogen (DIN) were measured with a water quality measuring instrument (Horiba, Tokyo, Japan) to compare the environmental conditions. Concurrently, the thalli of P. yezoensis and the mud of their farming area in the Ariake Sea were also taken to isolate the bacteria that were indigenous to the seaweed and the sediment. After washing with sterilized ASW three times, Porphyra thalli were further homogenized in sterilized ASW for 5 min with a blender. The mud sample was mixed with sterilized ASW and allowed to settle for 10 min. The supernatants of Porphyra thalli and the mud samples were also used to isolate the bacteria. These samples were supplemented with 0.2% w/v Pythium powder and incubated at 25∞C for two weeks with gentle agitation for enrichment culture. Aliquots of these cultures were diluted with sterilized ASW and spread onto ZoBell 2216E agar medium supplemented with 0.5% Pythium powder. These culture plates were incubated at 25∞C for five days and then the bacteria that formed a clear zone around these colonies were isolated as the Pythium cell walldegrading bacteria. The bacterial strains were characterized and identified to the genus level based on an identification scheme for marine bacteria described by Ezura et al.
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Preparation of bacterial crude enzymes
The Pythium cell wall-degrading bacteria were inoculated in 20 mL ZoBell 2216E broth containing 0.5% Pythium powder and cultured at 25∞C for five days with agitation at 160 r.p.m. Cultures were centrifuged at 8000 ¥g for 15 min at 4∞C. Solid ammonium sulfate was added to the supernatant to give 75% saturation and allowed to settle overnight at 4∞C. Precipitates were collected by centrifugation at 13 200 ¥g for 30 min at 4∞C and dissolved in 500 mL of 75% ASW. Then, the solutions were dialyzed against 75% ASW and used as bacterial crude enzymes. The inactivated enzymes were also prepared by boiling for 10 min and used as controls.
Degrading activity of bacterial enzymes against Pythium cell walls
To evaluate the recoveries of the enzymes associated with the degradation of Pythium cell walls, Pythium powder was prepared with 75% ASW to give an optical density of 1.0 at 600 nm, and used as a substrate. The suspension was then mixed with diluted enzymes and incubated at 25∞C for 3 h. One unit of Pythium cell wall-degrading activity was defined as decreased activity by 0.01 of optical density at 600 nm/min.
To detect the final degrading products from Pythium cell walls, 100 mg/mL of Pythium powder in 75% ASW was mixed with 1 mg/mL of active or inactive crude enzymes and incubated at 25∞C for 6 h. The active enzymes were also used for the controls, and were incubated in 75% ASW without Pythium powder at the same conditions. After incubation, the reaction mixtures were boiled for 10 min and placed on ice immediately. The supernatants collected by centrifugation at 18 500 ¥g for 15 min at 4∞C were subjected to highperformance liquid chromatography (HPLC) on a CAPCELL PAK NH 2 UG80 column (Shiseido Co., Ltd, Tokyo, Japan) and eluted with 70% acetonitrile at the flow rate of 1 mL/min. The resulting monosaccharides were detected with a referential refractive index detector (Shodex PI-72; Showa denko, Tokyo, Japan), using 0.4 mol/L of glucose (Katayama Chemicals), N-acetylglucosamine (Katayama Chemicals) and mannose (Katayama Chemicals) as the standards.
Identification of monosaccharides by MALDI-TOF MS
To confirm the monosaccharides detected by HPLC, the molecular mass of each degrading product was determined. Each fraction peak on HPLC was pooled and samples desalted with a microtip column (ZipTip C18, Millipore) were applied to matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) (Voyager Elite Biospectrometry; PerSeptive Biosystems Inc., Connecticut, MA, USA). The acceleration voltage was 20 kV and 2,5-units (c.f.u.)/mL, 9.5 ¥ 10 2 c.f.u./mL, and 8.3 ¥ 10 2 c.f.u./mL from the Ariake Sea (temperature 11.7∞C, specific gravity 1.022, DIN 294 mg/L), Chikugo River (temperature 11.9∞C, specific gravity 1.019, DIN 508 mg/L) and its estuary (temperature 10.3∞C, specific gravity 1.020, DIN 384 mg/L), respectively. The viable bacterial counts from thalli of P. yezoensis and the mud of their farming area in the Ariake Sea were 1.3 ¥ 10 3 c.f.u./g (wet weight of thalli) and 2.5 ¥ 10 3 c.f.u./g (wet weight of mud), respectively.
Finally, four bacteria with degrading activity against Pythium cell walls were isolated by the enrichment culture supplemented with Pythium powder (Fig. 1) , and designated BE1, FE1, PE1 and PE2. Isolates BE1 and FE1 were obtained from the Chikugo River and its estuary, respectively, and PE1 and PE2 were isolated from Porphyra thalli.
Strains BE1 and FE1 were Gram-positive, rodshaped, and aerobic bacteria that formed endospores, whereas PE1 and PE2 were Gramnegative, oxidative (according to Hugh and Leifson's test) bacteria that were motile by polar flagella, but were not hydrolyzed gelatin and DNA. From these results, strains BE1 and FE1 were identified as Bacillus spp., and PE1 and PE2 were identified as Pseudomonas spp. dihydroxybenzoic acid (Wako Pure Chemicals) was used as the matrix.
Polysaccharolytic activity of bacterial crude enzymes
A quantity of each bacterial crude enzyme (1 mg/mL) was mixed with 2% of b-1,3-glucan, b-1,3-1,4-glucan, b-1,4-glucan, b-1,6-glucan or mannan in 75% ASW and incubated at 25∞C for 2 h. After incubation, the mixtures were boiled for 10 min and placed immediately on ice. The supernatants were collected by centrifugation at 18 500 ¥g for 15 min at 4∞C.
To determine chitinase activity, the crude enzymes were mixed with 2% colloidal chitin in 75% ASW, whereby the supernatants were obtained by the same procedure as described previously. To detect the oligomeric N-acetylglucosamine produced by the crude enzymes as the monomer form, N-acetylglucosamine, 0.2 units/mL of the purified b-N-acetylglucosaminidase (EC 3.21.52) was added to the supernatants and incubated for a further 16 h at 25∞C. This enzyme, which was kindly provided by Dr Mitsudomi (Saga University, Japan), hydrolyzes the oligomeric (to a lesser degree than the octamer) N-acetylglucosamine to the reducing monosaccharide. 29 Polysaccharolytic activity was determined by the Nelson-Somogyi method, 30 whereby one unit of enzyme activity was defined as the reducing activity that produced 1 mmol of monosaccharides from the substrate per minute.
Indirect molecular weights analysis of polysaccharolytic enzymes
To estimate the approximate molecular weights (MW) of the glycosyl hydrolases present in the bacterial crude enzymes, the polysaccharolytic activities of the crude enzymes were determined against each substrate after ultrafiltration with 5000, 30 000, 50 000 and 100 000 molecular cut-off membranes (Ultrafree-MC; Millipore, Bedford, MA, USA). Moreover, the remaining activities on the ultrafilters were also examined after washing the ultrafilters with a volume of 75% ASW equal to that subjected by the sample.
RESULTS
Pythium cell wall-degrading bacteria
The viable bacterial counts obtained from the water samples were 7.6 ¥ 10 2 colony forming 
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Recovery of Pythium cell wall-degrading activity in the crude enzyme preparations
The total activities in each 20-mL bacterial culture supernatant and the activities of the crude enzymes were determined (Table 1) . Based on the result that the yield of Pythium cell wall-degrading activities were 84-92%, we considered that most of the enzymes with Pythium cell wall-degrading activity were recovered even after the salting-out procedure with ammonium sulfate.
Degrading products from Pythium cell walls by bacterial crude enzymes
The degrading products from Pythium cell walls formed by the four bacterial crude enzymes were analysed by HPLC and the results are shown in Fig. 2 . N-Acetylglucosamine, glucose and mannose, which were used as standards, had retention times of 4.8 min, 5.8 min and 7.5 min, respectively. A peak representing glucose was observed for all enzyme-reacting mixtures and was higher than any of the other inactive enzymes. In contrast, a N-acetylglucosamine peak was found for all enzyme-reacting mixtures except for that from Pseudomonas sp. PE1, and a mannose peak was not observed for any of the four enzymes. In the case of the reaction mixture of each crude enzyme without Pythium cell walls, no peaks were detected at these retention times (data not shown).
A solvent peak and an unidentified peak were also observed at 2.7 min and 9.8 min, respectively. The molecular masses of the degrading products observed at peaks at 4.8 min and 5.8 min were determined as 221.71 and 181.32 by MALDI-TOF MS, coinciding with those of pure Nacetylglucosamine and glucose, respectively.
Polysaccharolytic activities of the bacterial crude enzymes
Polysaccharolytic activities of the crude enzymes were investigated using b-1,3-glucan, b-1,3-1,4-glucan, b-1,4-glucan, b-1,6-glucan, mannan and chitin as substrates, assuming that these polysaccharides might constitute the hyphal cell walls of oomycetes. The results are summarized in Table 2 . All of the crude enzymes showed polysaccharolytic activity against both b-1,3-glucan and b-1,3-1,4-glucan. They did not, however, degrade b-1,4-glucan, b-1,6-glucan and mannan. Chitinase activity was also found in all crude enzymes except for that from Pseudomonas sp. PE1.
Molecular weights of polysaccharolytic enzymes
The putative MW of glycosyl hydrolases were determined indirectly using ultrafilters (Table 3) . 17 However, as there is little information available on successful genetic engineering techniques used to produce resistance to any pathogens when breeding Porphyra, we now attempt to seek information from studies done on terrestrial plants.
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A number of higher terrestrial plants have been reported to have developed an increased resistance to pathogens such as viruses, bacteria, fungi and insects by transgenic techniques. [32] [33] [34] Many of the techniques are based on enhancing or assisting the self-defense system in plants known as hypersensitive response (HR). 35, 36 Hypersensitive response is demonstrated by the accumulation of pathogenesis-related (PR) proteins, which are classified into 14 families. 37 Fungal cell wall-degrading enzymes such as b-1,3-glucanases (PR-2) and chitinases (PR-3, -4, -7, -8 and -11) are members of PR proteins and have been studied extensively in terrestrial plants. Overexpression of PR protein genes from plants, rice, tobacco, tomato, and cucumber has been demonstrated to enhance host resistance against fungal disease.
38-41
The first successful disease-tolerant crop against fungus was established by Broglie et al., whereby the chitinase gene was transferred from the bean and expressed in tobacco and canola plants, resulting in reduced susceptibility to Rhizoctonia solani. 38 As shown by several successful reports, the direct fungicidal effect or growth inhibition of enzymes is not always necessary for the development of disease-tolerant crops. This is because most of the fungal cell wall-degrading enzymes are responsible for the defense responsemediated antifungal activity in the host plant cells. [42] [43] [44] Alexander et al. have conducted further studies to improve plant resistance against fungal dis- ease. 45 They constitutively overexpressed PR-1a, an acidic PR protein of 15 kDa, in tobacco, which led to tolerance to infection by two oomycete pathogens, Peronospora tabacina and Phytophthora parasitica var. nicotianae. Also, Mitsuhara et al. have described the enhanced resistance to Pythium aphanidermatum by transgenic tobacco with a foreign gene encoding for sarcotoxin IA, which is an insect antimicrobial peptide. 46 Moreover, a chitinase gene from bacteria was shown to be effective in enhancing resistance to Rhizoctonia solani in tobacco. 47 These studies suggest that either endogenous or exogenous genes that encode for fungal cell wall-degrading enzymes or antifungal peptides seem to be excellent candidates as resistance genes for producing transgenic crops.
Therefore, in the present study, we attempted to screen Pythium cell wall-degrading bacteria from cultured P. yezoensis as the first step to obtaining potent resistance genes specific to P. porphyrae. As a result, four bacteria, Bacillus sp. BE1, Bacillus sp. FE1, Pseudomonas sp. PE1, and Pseudomonas sp. PE2, were successfully isolated (Fig. 1) . Then we attempted to identify the glycosyl hydrolases present in the bacterial crude enzymes that were associated with Pythium cell wall-degrading activity by using mycelial cell wall powder and commercially available polysaccharides as constructing materials.
Analysis by HPLC detected N-acetylglucosamine and glucose as the final products from Pythium cell walls treated with the crude enzymes of two Bacillus spp. and Pseudomonas sp. PE2, whereas only glucose was found in the case of Pseudomonas sp. PE1 (Fig. 2) . These results are supported by polysaccharolytic analyses results from commercially available polysaccharides using the method of Nelson-Somogyi (Table 2) . Each crude enzyme exhibited polysaccharolytic activity against b-1,3-glucan and b-1,3-1,4-glucan, but they did not degrade b-1,4-glucan, b-1,6-glucan, and mannan. These results suggest that b-1,3-glucanase, b-1,3-1,4-glucanase or both might act as key enzymes in the degradation of Pythium cell walls by the action of the crude enzymes present in these bacterial isolates, similarly to b-1,3-glucanase and chitinase of plants, which degrade the cell walls of most filamentous fungi. 48, 49 Conversely, although N-acetylglucosamine was detected by HPLC in the supernatant of Pythium cell walls treated with the crude enzymes obtained from two Bacillus spp. and Pseudomonas sp. PE2 (Fig. 2) , these crude enzymes did not show polysaccharolytic activity against colloidal chitin as a substrate (data not shown). This contradiction might be because of the structural diversity present in the Pythium cell walls and the compositional complexity of the bacterial crude enzymes. Thus, subsequent b-N-acetylhexosaminidase treatment of each reacted supernatant enabled the detection of N-acetylglucosamine as the final product of colloidal chitin, with the exception of Pseudomonas sp. PE1 ( Table 2 ), indicating that endo-chitinases exist in the three crude enzymes obtained from these bacterial isolates. When considering the structural components of Pythium hyphal cell walls, 21, 22 it is inconceivable that chitinase present in the bacterial crude enzymes may act as a key enzyme because Oomycete involving the genus Pythium is known as a chitin-poor fungal family. However, it has been reported that both chitinase and b-1,3-glucanase act as producers of elicitors; that is, compounds that induce a host defense response, in plants as well as in degrading enzymes against fungal cell walls. 50, 51 Moreover, it has also been noted that constitutive coexpression of tobacco chitinase and b-1,3-glucanase genes in the tomato plant confers higher levels of resistance to fungal pathogens than either gene alone, indicating that it is likely that a synergistic interaction exists between chitinase and b-1,3-glucanase in vivo. 39, 52 Hence, the role of chitinase in host resistance to fungal diseases should not be ignored even for Oomycetes.
Out of interest, to obtain information on the deduced size of the open reading frames of each glycosyl hydrolase obtained from bacterial isolates prior to gene cloning, we examined their putative MW using ultrafilters (Table 3 ). The MW of b-1,3-glucanase and chitinase from the four isolates were estimated to be approximately 50 000-100 000. Two Pseudomonas spp. were also suggested to have b-1,3-1,4-glucanases with MW of 50 000-100 000, and the MW of b-1,3-1,4-glucanases from two Bacillus spp. might be either close to 50 000 or they might consist of at least two enzymes with MW of 3000-50 000 and 50 000-100 000, respectively.
It is known that glucanases responsible for the hydrolysis of b-1,3-linkage, namely laminarinase are classified into two types. One type exclusively hydrolyzes the b-1,3-linkage in b-1,3-glucan Tables 2,3 ) and yet these still maintained potent Pythium cell wall-degrading activity (Fig. 1) . Thus, it might be possible that the hydrolyzing activity against b-1,4-linkage of glucans is necessary for the efficient degradation of P. porphyrae cell walls as well as the activity against b-1,3-linkage. However, b-1,3-1,4-glucan used in the present study may form b-1,3-linked polymers in some portions of its structure and there is the small possibility that the detected polysaccharolytic activity against b-1,3-1,4-glucan might be related solely to b-1,3-glucanase in the crude enzymes.
To confirm our hypothesis of the effect of b-1,4-linkage hydrolyzing activity against glucans on the degradation of Pythium cell walls, further biochemical and molecular biological studies will be required to determine the kinetics, substrate specificity and construction of the catalytic domain by using purified or recombinant glycosyl hydrolases. Gene cloning for b-1,3-glucanase, b-1,3-1,4-glucanase and chitinase from these bacterial isolates is in progress so as to establish a transgenic technique to breed a strain of Porphyra that is tolerant to red rot disease.
